Calcium phosphate cements (CPCs) are the unique class of inorganic injectables attractive for the repair and regeneration of hard tissues. Tailoring the crystallite properties of CPC, particularly to represent nanotopological feature, is favorable for stimulating biological reactions. Nanotopological tailoring has recently been achieved on CPCs by simply modulating the sizes of the initial particles.
Introduction
The regeneration of dental pulp-dentin tissues ultimately targets preserving teeth via endodontic approaches. Dental pulp tissue engineering requires a triad of dental pulp stem cells (DPSCs), morphogens (including growth factors and cytokines), and scaffolds. 1 The successful regeneration of dental pulp requires the DPSCs to differentiate adequately, secreting extracellular matrix molecules in dental-pulp tissues such as dentin sialoprotein (DSP), dentin phosphoprotein (DPP), dentin matrix protein (DMP-1), osteocalcin (OCN), osteopontin (OPN), and bone sialoprotein (BSP).
2,3
Calcium phosphate cements (CPCs) are well-known bioactive synthetic bone graft materials. 4 They can form in an aqueous environment to hydroxyapatite, a mineral phase of bone and dentin. 5, 6 CPCs thus exhibit excellent biocompatibility, osteoconductivity, and sealing ability, and provide new options for dental treatments as a filler/sealer for root canal treatment. 7, 8 In addition, the self-setting and the moderate compressive strength even in loading conditions suggests that CPCs are superior to pure calcium hydroxides; which means that CPCs may have applications in inducing reparative dentin formation in pulp capping or as a lining material. 9 Previously, we reported that CPCs and the composites with biopolymers facilitated growth and differentiation of human DPSCs. 10 In addition, we demonstrated that newly developed calcium phosphate-based sealers (CAPSEAL I and II) showed higher cell viability and lower inflammatory mediators in periodontal ligament cells when compared to other sealers, showing the potential of these new materials to promote bone regeneration. 11 However, the slow degradation rate with limited hard tissue ingrowth has also been suggested that needs improvement in those cementation materials. 12, 13 The properties of the CPCs, including their calcium deficient hydroxyapatite (CDHA) crystalline microstructure, porosity and pore size and specific surface area, are dependent on the characteristics of the initial CPC powders and can determine the adsorption rate and the release kinetics of proteins. 14 Previous studies have shown that the variation in the particle size (micro or nano) of the powders allows the CPCs to develop highly distinct microstructures, either plate-like or needle-like structure. 15, 16 The compressive strength of the CPCs after hardening increases as the surface area increases, which suggests that a harder CPC was derived from the smaller particle size of the raw materials.
CPCs, especially by affecting the kinetics of the chemical reaction and the mechanical consolidation of the cements. The reduction in the particle size has been reported to produce a substantial decrease in the setting time and to accelerate the hardening of the CPCs. 18 Furthermore, the different topography of the substrates has been shown to significantly affect the behavior of osteoblast-like cells, showing a slight decrease in the proliferation rate but with substantially improved differentiation activity.
15,19
However, the role that the particle size plays with respect to the underlying cement compositions, particularly in the odontogenic differentiation, and its relevant signal transduction mechanisms remain unclear. To elucidate this, here we developed two different-sized CPC particles, namely nano-sized and micro-sized CPC, and the effects of the different particle size on the odontogenic potential and the underlying signal pathway mechanisms in human dental pulp stem cells (HDPSCs) were investigated.
Materials and methods

Preparation of nano-and micro-sized CPC powders and settings
The CPC powder phase was composed of α-TCP, which was obtained from the mixture of calcium hydrogen phosphate (CaHPO 4 ; Sigma-Aldrich C7263) and calcium carbonate (CaCO 3 ; Sigma-Aldrich C4830), after heat-treatment at 1400 °C for 15 h (Hobersal CNR-58), followed by quenching. The α-TCP was milled in a Pulverisette 6 planetary ball mill (Fritsch GmbB) following two different protocols, as previously described, 19 to obtain for the starting powders of the CPC in the form of nano-CPC (CPC-N) and micro-CPC (CPC-M) samples, which have nano-sized and micro-sized particle size distributions, respectively. The particle size distribution was analyzed by laser diffraction (LS 13 320
Beckman Coulter), dispersing the particles in ethanol in an ultrasonic bath to avoid aggregation. The characteristics of the two different micro/nanoparticles are described in Table 1 
Characterization of CPCs
Mercury intrusion porosimetry (MIP; Autopore IV Micromeritics) was carried in order to examine the porosity content (open porosity) and to determine the pore size distribution within the hardened CPC.
The specific surface area of the CPC was measured via N 2 adsorption according to the BET method (ASAP 2020; Micromeritics). The crystalline phases were assessed via X-ray diffraction (XRD; Philips MRD). Ni-filtered Cu Kα radiation was used and the step-scanning was performed with an integration time of 50 s at intervals of 0.017°2θ. The peaks were indexed by means of the JCPDS cards for α-TCP and 9-432 for HA. The relative amounts of the different phases that were present in the samples after 7 days in water were estimated on the basis of the peak intensity variation by means of the external standard method, with a pure α-TCP as the external standard.
Cell culture
The immortalized HDPSCs were transfected with a telomerase catalytic subunit of a human telomerase reverse transcriptase (hTERT), 20 kindly provided by Professor Takashi Takata (Hiroshima University, Japan). The cells were cultured in α-MEM supplemented with 10% FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin in a humidified atmosphere of 5% CO 2 at 37 °C. In order to induce differentiation, the cells were cultured in an osteogenic medium (OM; 50 μg/mL ascorbic acid, 10 mM β-glycerophosphate, and 100 nM dexamethasone) as previously described [21] [22] [23] [24] . The culture medium was exchanged every 2 days, and upon confluence, the cells were detached with a minimum amount of trypsin-EDTA (Gibco) that was inactivated with FBS after 5 min. The cells were then either recultured or used for further experiments.
A direct cell culture method was performed on the CPC to assess the effect that micro or nano CPCs had in the presence of odontogenic media. To this end, 3 × 10each sample. As a control, the same number of cells was cultured at the bottom of the 24 well plates which was maintained in normal proliferation media as well as osteogenic media.
MTT assay
The cell viability was determined by a 3-(4, 5-dimethylthiazolyl-2-yl)-2, 5-diphenyltetrazolium bromide (MTT). The MTT is based on a WST-1 reaction that produces a purple formazan dye in an amount that is directly related to the number of viable cells. After 3, 7 and 14 days, the medium was removed and replaced with 200 μl of serum-free medium followed by an addition of 20 μl of MTT solution. The reagent was left to react for 4 h and then the reactant was read at an absorbance of 450 nm. A minimum of four replicates were assayed for each condition.
Cell morphology by fluorescence microscopy
The morphology of the cells was further observed via fluorescence microscopy (Cell Voyager, Yokogawa, Japan). After 60 min, the cells were fixed with 4% paraformaldehyde solution and were incubated first with mouse monoclonal anti-human p65 antibody (Santa Cruz Biotechnology, Santa Cruz, CA) and then with fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG (Invitrogen life technology, Grand Island, NY). The cells were then counter-stained for nuclei with 10 μg/mL of propidium iodide.
Cell adhesion assay
The cells were seeded in nano-CPC or micro-CPC and were then cultured for 1, 2, 4, and 8 h. The adhesion was determined by using a CytoSelect Cell Adhesion Assay Kit (Cell Biolabs, San Diego, CA). Briefly, after 30 min of incubation at 37 °C, the adherent cells were fixed, stained and colorimetrically quantified in a plate reader at 560 nm. The percentage was calculated by comparing the absorbance of each material to that of negative control.
ALP activity assay
As a marker of early osteoblast differentiation, alkaline phosphatase (ALP) activity was assessed in 24-well plates after 14 days of incubation in media supplemented with OM and CPC. The cells were then washed with PBS, and then the cell layers were scraped into a solution containing 20 mM TrisHCl, pH 8.0, and 150 mM NaCl, 1% Triton X-100, 0.02% NaN3, 1 μg /mL aprotinin. The lysates were homogenized. Then, the ALP activity was assayed via spectrophotometric measurements (410 nm, Beckman Coulter, Fullerton, CA) of p-nitrophenol release at 37 °C. In order to normalize protein expression to total cellular protein, a fraction of the lysate solution was used in a Bradford protein assay (n = 4).
Semi-quantitative reverse transcriptase-polymerase chain reaction (RT-PCR)
The total RNA of the pulp cells was extracted using a TRIzol reagent (Life Technologies, Gaithersburg, MD) according to the manufacturer's instructions, and 1 μg RNA was reverse-transcribed for the firststrand cDNA synthesis (Gibco BRL, Rockville, MD). The cDNA was amplified in 20 µL with 2.5 mM of magnesium dichloride, 1.25 units of Ex Taq polymerase (Bioneer, Daejeon, Korea) and 1 μM of specific primers. Amplification took place for 30 cycles in a DNA thermal cycler, and the primer sequences for the differentiation markers are summarized in Table 1 . The PCR products were resolved on a 1.5% agarose gel and were stained with ethidium bromide.
Western blot analysis
The cells (3 x 10   5 ) were cultured to 70% confluence in a 6-well plate and were treated for the indicated times under OS or CPC. The cells from each set of the experiments were harvested and were washed twice in cold tris-buffered saline. The cells were solubilized in ice-cold 1% Triton X-100 lysis buffer. After 30 min on ice, the lysates were clarified by centrifugation. The proteins (20 µg) were resolved via SDS-PAGE (10% acrylamide) and were transferred to nitrocellulose membranes, and were probed with specific Abs (diluted 1/1,000), followed by incubation with secondary horseradish peroxidase-conjugated Ab (1/100,000). The proteins were detected by enhanced chemiluminescence system (Amersham, Piscataway, NJ) according to the manufacturer's instructions and exposed to Xray.
Statistical analysis
The differences among the groups were analyzed using a one-way analysis of variance combined with the Bonferroni test. All of the values were expressed as mean ± standard deviation, and the differences were considered significant at p < 0.05. Table 2 summarizes the characteristics of the initial particles used for the nano-and micro-CPCs.
Results
Initial particles used for the nano-and micro-CPCs
While the initial particle size for the micro-CPCs was 5.84 µm that for the nano-CPCs was 2.44 µm.
Furthermore, the specific surface area of the micro-CPC particles was 1.23 m 2 /g, and that of the nano-CPC particles was 3.05 m 2 /g.
Physico-chemical properties of nano-and micro-CPCs
When the CPC particles were hardened with liquid, the phase of the CPCs was examined by XRD, as shown in Fig. 1 . A complete transformation of the initial α-TCP into HA was observed during the 7 days of reaction in an aqueous solution. The crystalline morphologies of the hardened nano-and micro-CPCs were observed by SEM after a complete transformation into HA, as shown in Fig. 2 .
While a large-sized plate-like morphology could be seen for the micro-CPCs, a much smaller-sized (far less than 1 µm) needle-like shape was obtained for the nano-CPCs, revealing the significant influence of the initial particle size had on the crystalline nano-/micro-morphology of cements. 
Effects on the cell adhesion and proliferation
The HDPSCs were cultured either with control medium or with odontogenic medium (OM) on the culture dish or on the CPCs. The cell adhesion rate was measured for up to 8 h (Fig. 4A) . Cell adhesion appeared to be higher on the CPC-N than on the CPC-M at all culture periods, but a statistical significant difference was only noticed at 4 and 8 h. The cells adhered initially actively spread and grew on all sample groups. The cell viability was then evaluated up to 14 days, by means of an MTT assay. Data are presented as a percentage to the culture dish without OM. When the cells were cultured without OM, both CPC groups showed slightly lower cell viability primarily during the initial period. When cultured with OM, the cell proliferation significantly improved, which was also clearly shown in the CPC-cultured cells. The results showed that both CPC groups substantially supported the growth of the HDPSCs for up to 14 days, with fairly comparable levels at that period to those of culture dish culture.
Effects on odontogenic differentiation
The effects of the nano-/micro-topologies of CPCs on the odontogenic differentiation of HDPSCs were assessed by the ALP activity and the mRNA levels of odontogenic genes. Figure 5A shows the ALP activity of the HDPSCs after culture for 7 and 14 days. Without OM, both CPC groups showed a substantial increase in the ALP activity during both periods. When cultured under the OM conditions, the increase in the ALP activity was more considerable. Of note, the CPC-N showed significantly higher levels than the CPC-M for both culture periods. The gene expression related to odontogenesis (e.g. DMP-1, DSPP, OCN, OPM, and BSP) was observed at 7 and 14 days of culture (Fig. 5B) . The
RT-PCR band intensity was much higher under the OM conditions (vs. without OM) for the groups.
Furthermore, the band intensity of the CPC-N was much higher than that of the CPC-M, particularly with OM at both periods.
Signal transduction pathways
In order to determine the signaling pathways involved in the odontogenesis of HDPSCs by the topological-tailored CPCs, the integrins and the intracellular adhesion molecules in the downstream pathways were analyzed in terms of gene and protein expressions, respectively. The mRNA levels of the integrin subsets, including α1, α2, and β1 were upregulated via nano-and micro-CPC in a timedependent manner relative to the CPC-free culture dish (Fig. 6A) . However, there was a significant difference between CPC-N and CPC-M for both periods. The integrin downstream signaling proteins in phosphorylated form, including p-FAK, p-paxillin, and p-Akt, were further analyzed by Western blot (Fig. 6B) . Results showed significantly enhanced values, particularly p-FAK and p-Akt, in the CPC-N than in the CPC-M,.
Since the integrin downstream signal pathway is involved in the activation of the mitogenactivated protein kinases (MAPK) and of the nuclear factor-κB (NF-κB) 25 , we next examined whether the nano-or the micro-CPC treatment affected the protein expressions of the MAPKs and NF-κB. The phosphorylation of p38, c-Jun N-terminal kinase (JNK) and the extracellular signal-related kinase (ERK) was higher on CPC-N than on CPC-M (Fig. 7A ). As shown in Fig. 7B , the CPC-N induced substantial level of phosphorylation and degradation in the IκBα as well as in the nuclear translocation of p65 (NF-κB). In a similar manner, the confocal images showed that NF-kB p65 in the nucleus markedly increased by CPC-N than by CPC-M.
Discussion
In this study, we have examined whether the initial particle size of the CPCs had any beneficial effects on the odontogenic potential of HDPSCs. Because HDPSCs are potential cell source for the applications in endodontic regeneration, they are considered to provide a promising assessment tool for the odontogenic differentiation effects of the biomaterials developed. 26, 27 Our study indicated that the nano-/micro-topological parameter of the CPCs did not show any confirmative effects on the cell growth of HDPSCs although the initial cell adhesion events were stimulated on the nano-CPCs than on the micro-CPCs. In fact, some previous works on the behavior of osteoblastic cells cultured on similar CPC groups showed the cells had slightly lower proliferation levels on the nano-CPCs. 15, 19, 28 It was suggested that the osteoblastic cell growth might be reduced on the nano-CPC due to the tight adhesion binding of cells to the underlying matrix, which consequently led to limited cell spreading and mitosis. 15 Slightly different from that observation, here the nano-CPCs appeared not to delay the cell proliferation behaviors of the HDPSCs with respect to the micro-CPCs. The difference in cell type (osteosarcoma-derived cells vs. human dental pulp stem cells) and thus the different cellular adaptation to underlying substrate conditions may be a possible reason, which however, needs more clarification in future studies.
Rather than on the cell proliferation, the effects of the nano-sized CPCs were more clearly demonstrated on the odontogenic differentiation. The results of the ALP activity and the expression of marker genes such as BSP, OPN, OCN, DSPP, and DMP-1 indicated that nano-CPCs substantially promoted odontogenic differentiation when compared to micro-CPCs. ALP is mainly expressed on the cellular membrane of the osteoblasts and odontoblasts and is used as an important marker for the early differentiation cascade. 29 Furthermore, DSPP and DMP-1 have been used as the odontogenic specific markers of HDPSCs while the OCN, OPN, and BSP genes are also expressed in osteogenic process. 30 Therefore, analyses of these markers can inform whether the HDPSCs are sufficient committed to an odontoblastic lineage.
The RT-PCR band intensities, when quantified, gave significant improvement in those series of odontogenic genes by the nano-CPCs, and this was more noticeable at the prolonged culture period of 14 days. It is considered that the HDPSCs exposed to the underlying CPC matrices for such a long period are considered to experience microenvironments quite different from those when simply cultured on tissue culture plastic. The nanotopological physical factor of CPCs should drive the stem cells to better conform to an odontogenic lineage with the proper supply of biochemical cues (OM medium). In addition to this topological physical factor, the chemical factor of possible ionic release is also considered to get involved in the odontogenic stimulation of HDPSCs. In fact, both CPC groups, even without the OM medium, led to substantial level of odontogenic differentiation and this was more noticeable at the prolonged culture period (14 days), when the ionic releases from CPCs would possibly be more pronounced. Although here we could not examine the ionic releases from CPCs, it is deduced that the nano-CPCs can release the ions at higher levels than the micro-CPCs due to the higher surface area since the ionic dissolution of calcium phosphates is surface reaction-controlled and thus surface area-dependent.
The integrin signaling pathway plays an important role in the cell-matrix interactions that control cell adhesion, survival, proliferation, and differentiation. 31 The α 1 β 1 and α 2 β 1 integrins are the major adhesive molecule-binding receptors in cells that form bone and dentin, where α 1 β 1 having a higher affinity for the basement membrane type IV collagen while α 2 β 1 for the fibrillar type I collagen.
32
Herein, the integrin subunits α 1 , α 2 , and β 1 were shown to be expressed substantially in HDPSCs at the very early time points on both nano-and micro-CPCs, and the expression levels were significantly higher when cultured on nano-CPCs than on micro-CPCs, implicating the HDPSCs recognized the nanotopological substrate much better than the microtopological one through the matrix receptors. 
Conclusions
This is the first study that investigates the molecular signaling pathways through which nano-sized 
